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(57) ABSTRACT

An on-chip digital communication interface circuit is to be
directly coupled to a counterpart interface circuit of a
separate battery-side gas gauge circuit. An on-chip battery
charging control circuit controls battery charging voltage
and current that is supplied from a separate power source
interface circuit to a battery cell terminal, according to
charging voltage and current limits. The charging limits are
read from the gas gauge circuit and in effect carry out a
selected one of several different battery charging profiles.
Other embodiments are also described and claimed.
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1
BATTERY CHARGER INTEGRATED
CIRCUIT CHIP

An embodiment of the invention relates to power man-
agement integrated circuits and battery charging circuits,
which are to be embedded within portable battery powered
consumer electronic devices. Other embodiments are also
described.

BACKGROUND

Power management integrated circuits (ICs) have been
developed that are to be embedded into portable consumer
electronics devices such as smart phones and tablet com-
puters. Different functions have been integrated onto a
power management IC chip. For example, high efficiency
switch mode battery charger circuitry has been embedded
into a power management IC, which interfaces directly with
the rechargeable battery of the portable device. The charger
circuitry executes constant current/constant voltage charg-
ing profiles upon the battery, without requiring interaction
with the main processor, so as to efficiently bring the battery
up to a state of full charge. On-chip power control or power
switching circuitry controls a battery charging current
according to a specified constant current (CC) and constant
voltage (CV) profile. The IC chip may also have voltage
regulator circuitry that provides regulated dc output voltages
for use by other active components of the portable device.
Digital communication interfaces are also provided that
allow battery charging and power management commands
to be received from the main processor. The typical power
management IC also has an interface to a separate peripheral
power source, such as a USB host, from which it draws
current to charge the battery and supply its on-board voltage
regulators.

Typically, the battery is offered as a battery pack or
assembly that contains a battery temperature sensor and a
battery gas gauge circuit integrated together with at least one
rechargeable electro-chemical battery cell. A separate or
dedicated signal wire connects the battery temperature sen-
sor to analog temperature monitoring circuitry within the
power management IC, which allows the battery charging
control circuitry to automatically avoid overheating the
battery during charging at normal temperatures, or charging
at low temperatures which may reduce cell life. The charg-
ing circuitry in the power management IC directly monitors
the battery terminal voltage and the charge current, to
implement the set CV and CC charging profile. A single wire
digital communications interface (SWI) connects the gas
gauge to the main processor, through which the main pro-
cessor monitors battery voltage, state of charge data, and
charge-discharge or usage cycle count received from the gas
gauge, in order to compute for example time-to-empty and
a measure of the health of the battery.

SUMMARY

An embodiment of the invention is a battery charger IC
chip that has an on-chip interface to a separate power source,
an on-chip digital communication interface circuit to be
directly coupled to a counterpart interface circuit of a
separate battery-side gas gauge circuit, and an on-chip
battery charging control circuit. The charging control circuit
controls the power that is drawn in from the power source
interface and that is converted out to a battery cell terminal.
The charging control circuit is responsible for controlling
the battery voltage and charging current to remain within
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voltage and current limits set by the gas gauge. The system
is therefore capable of implementing a number of different
battery charging profiles. This can be achieved by virtue of
the charging control circuit being able to, via the digital
communication interface circuit, read voltage and current
limits from the gas gauge circuit. In addition, since the gas
gauge determines the voltage and current limits from the
battery’s voltage, current, state of charge, temperature, and
other parameters, the battery charger is no longer required to
know the battery’s temperature.

The charger IC thus relies upon the gas gauge circuit to
compute multi-dimensional charging profiles, i.e. based on
measurements made by the gas gauge circuit of a) real-time
or present battery temperature, b) present battery voltage and
current, ¢) battery charge and discharge cycle count, and d)
battery state of charge. The gas gauge circuit, which is
integrated in a battery pack along with the battery tempera-
ture sensor and one or more battery cells, repeatedly and
continuously computes updated voltage and current limits
and makes them available through its internal registers. The
latter are accessible via the digital communication interface
of the charger IC chip, and can be periodically read by the
charger IC chip in real-time during any given charging cycle.
This allows the battery charging control circuitry to con-
tinuously modify the present charging profile while com-
plying with the voltage and current limits as indicated in the
internal registers of the gas gauge circuit, to efficiently
charge the battery in a way that may also help extend battery
life and battery capacity, as the battery ages (for example
during the normal lifetime of a consumer electronics device
in which it is being used).

Additionally, in another embodiment of the invention, the
gas gauge benefits from knowing whether the charge current
supplied to the battery is being limited by the input current
from the power source (e.g., a pluggable dc power adapter)
or by the input voltage limits preventing the desired charging
power from reaching the battery. This information is sent
from the charger IC chip to the gas gauge as a part of each
periodic digital transaction with the gas gauge. Informing
the gas gauge that the input power is limited allows the gas
gauge to make a better-informed determination of the end of
charge.

It has been discovered that placing the functionality of
repeatedly computing the latest or updated charging profile
into the gas gauge circuit, while at the same time making the
battery charger IC “dumber” with respect to battery charging
capabilities, strikes a particularly useful balance among
numerous available options for integrating the different
power management functions of particularly smaller or more
compact portable electronic devices such as smartphones
and tablet computers. That may be due to the desire for
housing the gas gauge circuitry, which measures and com-
putes battery energy status and battery health history param-
eters, with the battery cell within its battery pack. This may
enable constantly changing battery health history parameters
such as cycle count to remain up to date and easily associ-
ated with the pack, as the pack could be disconnected and
then moved from one portable device to another.

In one embodiment, to help reduce the number of pins or
electrical contacts needed in the electrical connection
between the IC chip and the battery, the digital communi-
cation interface to the gas gauge circuit may be a single-wire
communication interface circuit (SWI), e.g. the HDQ serial
data interface. In addition, there is no dedicated temperature
signal pin between the battery temperature sensor and the
charger IC. This combined approach enables the interface
between the charger IC chip and the battery to consist of
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only three pins, namely an SWI pin, a positive battery power
pin, and a negative battery power pin.

The charger chip may also have an on-board voltage
regulator that produces a regulated dc voltage for use by
other electronic components in the portable device, when the
separate pluggable power source (e.g., dc power adapter) is
present.

In a further embodiment, the battery charging control
circuitry in the charger chip relies on just an on-board state
machine, rather than a programmable micro-controller, to
periodically read the latest battery voltage and battery cur-
rent limits from the battery-side gas gauge (over the SWI).

The above summary does not include an exhaustive list of
all aspects of the present invention. It is contemplated that
the invention includes all systems and methods that can be
practiced from all suitable combinations of the various
aspects summarized above, as well as those disclosed in the
Detailed Description below and particularly pointed out in
the claims filed with the application. Such combinations
have particular advantages not specifically recited in the
above summary.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the invention are illustrated by way
of' example and not by way of limitation in the figures of the
accompanying drawings in which like references indicate
similar elements. It should be noted that references to “an”
or “one” embodiment of the invention in this disclosure are
not necessarily to the same embodiment, and they mean at
least one.

FIG. 1 is combined circuit schematic and block diagram
of a combination battery charger integrated circuit chip and
battery in accordance with an embodiment of the invention.

FIG. 2 is a circuit schematic of another embodiment of the
invention.

FIG. 3 illustrates an example portable electronic device in
which a combination battery charger IC chip and battery
may be used.

FIG. 4 is a block diagram of the portable electronic device
of FIG. 3.

DETAILED DESCRIPTION

Several embodiments of the invention with reference to
the appended drawings are now explained. Whenever the
shapes, relative positions and other aspects of the parts
described in the embodiments are not clearly defined, the
scope of the invention is not limited only to the parts shown,
which are meant merely for the purpose of illustration. Also,
while numerous details are set forth, it is understood that
some embodiments of the invention may be practiced with-
out these details. In other instances, well-known circuits,
structures, and techniques have not been shown in detail so
as not to obscure the understanding of this description.

FIG. 1 is a combined circuit schematic and block diagram
of a battery charger integrated circuit chip and battery
combination in accordance with an embodiment of the
invention. A charger IC chip 2 is shown as having a number
of pins (also referred to as integrated circuit contacts or
pads) that are electrically connected with several “external”
devices including a battery 4 and a processor (not shown in
FIG. 1 but see FIG. 4 described further below). A single wire
or trace (that is formed in a printed circuit board or flex
circuit carrier, not shown) connects a pin 17 of the IC chip
2 to a pin 3 of the battery 4, while another wire connects a
pin 13 of the IC chip 2 to a pin 8 of the battery 4. The latter
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is the positive cell terminal pin of the battery 4, while
another pin 9 is the negative cell terminal pin that is
connected to a ground pin 14 of the IC chip 2. This
arrangement is a three-pin connection that is sufficient to
completely connect the battery 4 to all of its external
devices, including the IC chip 2.

The battery 4 may have one or more battery cells 5 (in the
example here illustrated as a single battery cell) such as
those with conventional electrochemistry, e.g. lithium-poly-
mer chemistry, suitable for use in a relatively small and
lightweight portable consumer electronic device such as a
smartphone or a tablet computer. A battery temperature
sensor 6 is positioned to accurately sense the temperature of
the battery cell 5. In addition, the battery 4 includes inte-
grated therein a battery side gas gauge circuit 7. The gas
gauge circuit 7 may have a microcontroller and other
circuitry therein that enable digitized, accurate measure-
ments of sensed battery temperature, battery cell voltage,
and battery cell current, according to known techniques.

The microcontroller in the gas gauge circuit 7 processes
in real-time the present sensed battery data, to compute
several battery metrics. These include a present state of
charge (an indication of current battery capacity remaining),
a present or updated battery charging voltage and current
limits, present battery voltage, and up to date charge and
discharge cycle count. These computed metrics are stored
within registers (not shown, but generically referring to any
suitable on-chip digital storage circuits that are externally
accessible, i.e. from outside of a conventional gas gauge
circuit). The gas gauge 7 periodically updates its calcula-
tions of such metrics so that the “latest” updates are avail-
able in its registers for access by an external device. In this
case, access to such registers is via a single wire interface
(SWI) that includes a single wire that connects the pin 3 of
the battery 4 to the pin 17 of the charger IC 2, using a
counterpart digital communication interface 19 in the latter.

In one embodiment, battery charging profiles or algo-
rithms (e.g., constant current, CC, and constant voltage, CV,
profiles) are stored and used only in the gas gauge 7, not in
the charger IC 2. Only the latest charging voltage and
charging current limits are reported to the charger IC 2, by
the gas gauge 7 using the on-chip digital communication
interface circuit 19 (SWI circuit). In the same vein, the
charger IC 2 need not be made aware of the present battery
temperature. The latest charging voltage and current limits
may be written into or stored within the charger IC 2 in a
number of on-chip registers 20, generically referring to
on-chip data storage circuits. An on-chip charging controller
22 then controls the present battery voltage and charging
current, based on the latest charging voltage and current
limits obtained from the gas gauge 7.

In another embodiment, the charger IC 2 may obtain the
latest charging profile or algorithm parameters and sensed
battery temperature, from the gas gauge 7, by reading them
from the gas gauge 7 (via the SWI circuit) and then writing
them into the registers 20. In this embodiment, the registers
20 are accessed by the on-chip charging controller 22 which
has enhanced functionality that enables it to control the
battery voltage and charge current in accordance with the
latest charging profile parameters and based on the present
battery temperature value.

The charging controller 22 (also referred to as battery
charging control circuit) in one embodiment drives a control
electrode of a pass transistor circuit 23 (here depicted as a
single n-channel field effect transistor whose gate electrode
is driven by the controller 22). This results in a controlled
amount of charge current being drawn from a separate power
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source, via an on-chip power source interface circuit that
includes pins 18, 11 and the electrical connection there
between. In this example, an external wire trace, which may
encompass multiple wire traces connected in parallel to
reduce series resistance, connects pin 12 to pin 11 which is
labeled as V",..,) and through which the charge current
passes. The charge current is directed to a cell terminal of the
battery cell 5 by virtue of an output of the pass transistor
circuit 23 being coupled to a battery cell terminal pin (or
battery power pin) 8 through the pin 13 of the charger IC 2.
The pass transistor circuit 23 may be assisted by one or more
additional off-chip pass transistors that are connected in
parallel (not shown) to the pins 12, 13 of the IC chip 2. In
that case, an additional pin (not shown) is needed that allows
a connection to the output node of the charging controller 22,
in order to drive the control electrode of the off-chip pass
transistor. In one embodiment, this results in power from a
higher voltage, pluggable DC power source to be converted
into a lower voltage and used for charging the battery 4.

Note that the pass transistor 23 will also pass a discharge
current in the reverse direction, that is from pin 13 to pin 12,
when the separate pluggable power source (external DC
supply connected to pin 18) is disconnected, or when the
power required by external active electronic components in
the portable device exceeds that available from the separate
pluggable power source, so that the battery 4 can provide
power supply current to the V ;4. rail.

The pass transistor circuit 23 has an input through pin 12
of the charger IC 2 that is coupled to the separate power
source interface circuit. The separate power source interface
circuit may include a power monitoring circuit 10, in addi-
tion to protection devices (not shown) such as over voltage
protection devices. The separate power source interface
circuit includes pin 18 which is connected to a separate dc
supply (not shown) that may be, for example, a pluggable
peripheral device, such as a universal serial bus (USB) host
to which the portable device in which the charger IC 2 is
integrated is coupled. More on this can be found in FIG. 4
described below.

The charging controller 22 obtains a measure of the
present battery voltage and present charge current through
circuitry depicted in dotted lines that may include a current
sense circuit to sense the charge current that is directed to the
cell terminal pin 8. The battery voltage and battery charge
current thus sensed, together with the latest charging voltage
and current limits, are used by the charge controller 22 to, in
this example, rapidly switch on and switch off the pass
transistor circuit 23 so as to keep the measured battery
voltage and battery current within the limits determined by
the gas gauge 7. The charging controller 22 may continually
control the battery voltage and charge current during a
charge cycle, by periodically reading the charging voltage
and current limits from the registers 20 which in turn are
periodically written to by the communication interface 19
following a readout from the gas gauge 7. In this manner, the
charging controller 22 can implement multiple, different
battery charging profiles during any given charge cycle,
where these charging profiles were computed by the micro-
controller in the gas gauge 7 so as to provide an “optimum”
charging profile in view of the present health or age of the
battery (for example measured in terms of charge and
discharge cycle count) and the present sensed battery tem-
perature.

Examples of charging profiles include constant voltage
(CV) and constant currant (CC) battery charging profiles
whose parameters or thresholds may include the initial
constant current level at the start of a charge cycle, a
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constant battery cell voltage to be maintained during the
charge cycle, and a termination constant voltage (that is to
be sought at the end of the charge cycle). More complex
charging profiles may be defined that, for example, include
changes or steps in the decrease in the charging current,
depending upon the present sensed battery temperature and
the accumulated cycle count. See for example battery charg-
ing profiles described in U.S. Patent Application Publication
No. 2009/0273320 Al of Ungar, et al., in which various
charging processes for a particular type of rechargeable
battery (one having a lithium polymer chemistry) have been
described. Note that in general, any known or suitable
charging profiles may be used, where it is understood that
the microcontroller in the gas gauge 7 can be programmed
to compute the needed battery voltage and charge current
limits for such profiles, in accordance with any known or
suitable techniques. An example is adaptive surface concen-
tration charging (ASCC) which helps avoid lithium surface
saturation during the charging process of lithium polymer
batteries.

It should be noted that as depicted in FIG. 1, the gas gauge
7 may be viewed as in effect sending battery charging profile
selection commands to the charging controller 22 (via the
SWI), such that this aspect of the charger IC 2 may be
considered less complicated or “dumber” than the gas gauge
7. This trade off is likely to be particularly effective in
relatively small portable consumer electronic devices, such
as smartphones and tablet computers, because it also allows
fewer pin count for the flex or printed circuit board connec-
tion between the battery 4 and the charger IC 2, while at the
same time leveraging the availability of a microcontroller in
the gas gauge 7. In such an embodiment, the charging
controller 22 may be advantageously implemented using
relatively less complex logic circuitry that implements a
state machine, so that no programmable microcontroller is
needed for the charging control aspect within the charger IC
2.

Still referring to FIG. 1, additional components of the
charger IC 2 may include a voltage regulator (VR) 15, which
may be an on-chip switch mode voltage regulator circuit that
provides a lower dc regulated voltage at pin 16 of the charger
1C 2, drawing current from pin 18 (and from the separate dc
supply). Thus, the separate pluggable power source (not
shown) is used to provide two power supply rail voltages,
namely V 05 a0d V 44, Those power supply voltages
may be used to power separate components within the
portable device (again as further described below in con-
nection with FIG. 4).

FIG. 1 also shows an embodiment where the charger IC
2 has a further on-chip digital communication interface
circuit 25. This may be, for example, in accordance with any
known conventional chip-to-chip interconnect interface
technique, such as 12C, which is a two-wire, multi-master
serial single ended computer bus interface. This is a more
complex interface than the communications interface 19
(SWI), and may be used for receiving commands from a
separate processor (e.g., the processor 39 depicted in FIG.
4), including commands relating to power management such
as a power down command that shuts down the charging
controller 22 and the VR 15, imposing a charging current
limit that is smaller than that received from the gas gauge
circuit 7 and is stored in the registers 20 for purposes of
limiting the thermal envelope of the portable electronic
device, and for reading power measurements from the power
monitoring circuit 10 which indicate the total power con-
sumption of the portable device at any given moment.
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As described above in connection with FIG. 1, the charger
IC 2 includes a battery charging circuit or charging control-
ler 22 that can in essence be configured with a selected one
of several battery charging profiles, in effect by the battery-
side gas gauge circuit 7. The latter continually computes,
desired or updated charging voltage and current limits based
on the present battery temperature that it senses, based on
the present usage cycle count that it has accumulated, and
also based on the present battery voltage that it senses, and
then signals the computed parameters to the charging con-
troller 22, in response to periodic read requests received
from the charger IC 2 over the SWI (pins 3, 17, and the
communication interface circuit 19). In FIG. 1, the charging
controller 22 was depicted as a separate component than the
VR 15, where the latter produces a regulated voltage on pin
16 (V). In that case, the input of the pass transistor 23 at
pin 12 of the charger IC 2 is directly connected to pin 11 of
the charger IC 2 on which the greater dc supply voltage
V sanigny 18 Tound (sourced from the separate dc supply).
FIG. 2 shows an alternative arrangement where the charging
controller 22 is embedded or part of a switching power
supply controller that is shared by or deemed a part of the
VR 15. Thus, the updated charging voltage and current
limits are provided from the registers 20 directly to the
controller logic of the VR 15. The VR 15, and in particular
its embedded power switching controller logic, provides the
needed voltage at pin 16, which is directly connected in this
case to pin 12 where the latter is the input to the pass
transistor circuit 23, where the battery voltage at pin 13 and
the charging current through the pass transistor circuit 23 are
limited to the gas gauge-provided charging voltage and
current limits In this case, the pass transistor circuit 23 may
be biased always-on as shown (with the electrode directly
pulled t© V ;4.4 in the case of an n-channel field effect
transistor), or may alternatively be biased in a linear mode
to maintain the voltage at pin 16 to minimum level without
exceeding the desired voltage and current limits at pin 12.

FIG. 3 illustrates an example portable electronic device in
which a combination battery charger IC chip and battery
may be used, being a mobile communications device 30
(also referred to here as a smartphone). FIG. 4 is a block
diagram of such a portable device. The mobile device 30
may be an iPhone™ device by Apple Inc. of Cupertino,
Calif. Alternatively, it could be any other portable handheld
multi-function communications device or smart phone that
has a touchscreen 31 (or alternatively a display screen and
another form of manual user data input device such as a
keyboard and a mouse). The device 30 has a number of
capabilities to enable its user (whose hand is shown holding
the external housing of the device 30 in FIG. 3), to access
functions such as telephony (voice or video) calls, voice or
video mail, and text messaging. The device 200 includes
various capabilities to enable the user to access features
involving, for example, calls, text messages, voicemail,
e-mail, the Internet, scheduling, photos, and music as shown
on the display screen 230. Icons representing such apps may
appear on a main menu as shown on the screen 31.

The external housing of the mobile device 30 may have
integrated therein a microphone 35 for picking up the voice
of'its user during a call or recording session, and an earpiece
speaker (receiver) 34 for delivering the voice of the far-end
user during the call directly up against the near-end user’s
ear. A physical volume button 33 may be provided to all the
near end user to manually set sound volume emitted from the
earpiece speaker 34. A separate, physical menu button 32
allows the user to return a graphical user interface running
in the device 30 to a main menu as shown, from anywhere
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within a hierarchical menu tree. The device 30 may also
have a speaker phone loudspeaker 36, for stronger sound
emission. Other conventional features such as a power on/off
button and an accessory connector (e.g., headphone jack) are
not shown but may of course be included as well.

FIG. 4 depicts a block diagram of certain electrical
components of the mobile device 30. The device 30 has a
processor 39 that executes instructions to carry out the
different functions of the device 30 introduced above. The
instructions may be retrieved from local memory 40, and
may be in the form of an operating system program (with
device drivers) and one or more application programs (apps)
that are said to run on top of the operating system, to perform
the different functions introduced above (e.g., phone or
telephony, e-mail, and Internet browsing). The latter may be
achieved using a wireless link enabled by RF circuitry 37
and its associated RF antenna, to yield a wireless local area
network (WLAN) link to a nearby WLAN access point for
example, or a cellular data link to a cellular telephone
communications network base station.

As seen in FIG. 4, the mobile device 30 has integrated
within its external housing the battery 4 that is connected to
the communications interface 19 of the charger IC 2. The
latter is also connected, via its on-chip power interface that
includes the power monitoring circuit 10, to a computer
peripheral interface connector 29 that allows a pluggable
connection with a separate power source, e.g. a USB com-
patible host such as an AC wall power adapter or a laptop or
desktop computer for example. The connection to the pro-
cessor 39 is via the on-chip communications interface 25
(e.g., an 12C interface circuit). Power supply voltages V
tnigry and V ,, are available from the charger IC 2, to power
most of the components of the device 30 shown in the block
diagram.

A method performed by an IC chip in a portable electronic
device or system, for charging a battery of the device may
proceed as follows. An on-chip controller accesses a charg-
ing voltage and current limit register that is in direct digital
communication with a battery-side gas gauge circuit. The
register contains the latest charging voltage and current
limits produced by the gas gauge circuit. Power from a
separate power source, i.e. external to the portable device, is
used to power the system, and to provide charging power to
the cell terminal of a battery. The charging voltage and
current is controlled in accordance with the latest battery
charging voltage and current limits that are obtained from
the gas gauge and can be accessed through the on-chip
register. The charging voltage and current limits can be
adjusted during a given charge cycle, in accordance with
multiple, different battery charging profiles that have been
computed by the gas gauge circuit (and that have been
accessed via the on-chip registers). Each of the profiles may
yield a different battery cell voltage curve vs. time or battery
cell charge current vs. time, while charging the battery,
where the profiles are selected by the gas gauge circuit in
order to extend battery life.

The gas gauge circuit continually senses present battery
temperature, present battery voltage and present battery
current, and on that basis maintains an accumulating count
of battery charge and discharge cycles. It also continually
computes new charging voltage and current limits, based on
a) the charge and discharge cycles count, b) present sensed
battery temperature, ¢) present sensed battery voltage, and d)
the state of charge. The charger IC chip periodically reads
the limits from the gas gauge circuit for use by the on-chip
battery charging controller.
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While certain embodiments have been described and
shown in the accompanying drawings, it is to be understood
that such embodiments are merely illustrative of and not
restrictive on the broad invention, and that the invention is
not limited to the specific constructions and arrangements
shown and described, since various other modifications may
occur to those of ordinary skill in the art. For example, while
the pass transistor circuit 23 is shown as a single insulated
gate field effect transistor in FIG. 1 and FIG. 2, an alternative
is a more complicated multi transistor circuit that can be
operated in a switching mode, a linear mode, or in an
“always-on” mode (depending upon the nature of the battery
charging controller 22). The description is thus to be
regarded as illustrative instead of limiting.
What is claimed is:
1. An integrated circuit (IC) chip comprising:
an on-chip power source interface to obtain power from a
separate power source;
a digital single wire communication interface circuit
on-chip with the power source interface and to be
directly coupled to a counterpart interface circuit of a
separate battery-side gas gauge circuit that is external
to the IC chip; and
a battery charging control circuit on-chip with the
power source interface and the digital single wire
communication interface circuit to control battery
charging voltage and current at a battery cell termi-
nal, using power that is supplied by the power source
interface,

the battery charging control circuit being coupled to the
digital single wire communication interface circuit to
read battery charging voltage and current limits from
the gas gauge circuit that is external to the IC chip,
and to use-control the charging of a battery in
accordance with the battery charging voltage and
current limits that have been read from the gas gauge
circuit.

2. The IC chip of claim 1 further comprising on-chip
registers that store the read battery voltage and current
limits.

3. The IC chip of claim 1 further comprising a pass
transistor circuit whose input is coupled to the power source
interface and whose output is coupled to a battery terminal
connection pin of the IC chip, wherein the battery charging
control circuit is coupled to a control electrode of the pass
transistor.

4. The IC chip of claim 1 further comprising an on-chip
voltage regulator a) having an input coupled to the power
source interface from which the regulator is to produce a
regulated dc voltage and b) that is to supply power to
external components.

5. The IC chip of claim 4 further comprising a pass
transistor circuit whose input is coupled to the power source
interface and whose output is coupled to a battery terminal
connection pin of the IC chip, wherein the pass transistor
circuit is biased continuously on during charging.

6. The IC chip of claim 1 comprising a further an on-chip
digital communication interface circuit to be accessed by a
separate processor.

7. The IC chip of claim 1 in combination with the separate
battery side gas gauge circuit, wherein the battery charging
control circuit is to be configured to control the charging of
the battery in accordance with a selected one of a plurality
of different battery charging profiles that is selected by the
separate battery side gas gauge circuit, wherein the gas
gauge circuit is to compute charging voltage and current
limits based on present battery temperature, present usage
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cycle count, present battery voltage, and present battery state
of charge determined by the gas gauge circuit itself, and to
signal the computed charging voltage and current limits to
the battery charging control circuit in response to periodic
read requests received from the IC chip.

8. A portable electronic device comprising:

a battery having a battery cell, a battery temperature

sensor and a battery-side gas gauge circuit;

a display screen;

a processor;

memory having stored therein an operating system and a

plurality of application programs for execution by the
processor;
a computer peripheral interface connector to connect with
a separate pluggable power source; and

an integrated circuit (IC) chip that comprises an on-chip
interface to the connector, an on-chip digital single wire
communication interface circuit that is directly coupled
to a counterpart interface circuit in the gas gauge
circuit, and an on-chip battery charging control circuit
to control battery charging voltage and current that is
drawn in from the connector and that is directed to a
terminal of the battery cell,

the battery charging control circuit a) being coupled to the

digital single wire communication interface circuit to
read charging voltage and current limits from the gas
gauge circuit, and b) to use the read charging voltage
and current limits to charge the battery cell according
to a selected one of a plurality of different battery
charging profiles that is selected by the gas gauge
circuit.

9. The device of claim 8 wherein the on-chip interface to
the connector has an input pin that is coupled to an output
pin through a low impedance path,

and wherein the device further comprises a pass transistor

circuit whose input is coupled to the output pin of the
IC chip and whose output is coupled to the battery cell
terminal, wherein the battery charging control circuit is
coupled to a control electrode of the pass transistor
circuit.

10. The device of claim 8 wherein the IC chip further
comprises an on-chip voltage regulator a) having an input
coupled to the connector from which the regulator is to
produce a regulated dc voltage and b) that is to supply power
to other components in the device.

11. The device of claim 8 wherein the IC chip comprises
a further on-chip digital communication interface circuit for
access by the processor.

12. The device of claim 8 wherein the battery side gas
gauge circuit is to repeatedly compute charging voltage and
current limits based on on-going measurements of present
battery temperature, present usage cycle count, present
battery voltage, and battery state of charge, and to signal the
computed charging limits to the battery charging control
circuit via the on-chip digital single wire communication
interface circuit in response to periodic read requests
received from the IC chip.

13. A method performed by an integrated circuit (IC) chip
in a portable electronic device for charging a battery of the
device, comprising:

accessing an on-chip battery charging limit register that is

in direct digital communication, through a single wire
communication interface, with a battery-side gas gauge
circuit that is external to the IC chip, wherein the
register contains the latest battery charging voltage and
battery charging current limits that have been produced



US 9,438,054 B2

11

by the gas gauge circuit and obtained through the single
wire communication interface; and

controlling a battery charging current and a battery cell

voltage, using power that is drawn in from a separate
power source and that is directed to a cell terminal of
the battery, in accordance with one of a plurality of
different battery charging profiles that is specified by
the gas gauge circuit.

14. The method of claim 13 wherein each of the plurality
of different battery charging profiles yields a different bat-
tery cell voltage curve vs. time or battery cell charge current
vs. time, while charging the battery.

15. The method of claim 13 in combination with the
following operations performed by the battery-side gas
gauge circuit:

continually sensing present battery temperature, battery

voltage and battery current;

maintaining a count of battery charge and discharge

cycles; and

continually computing new battery charging voltage and

battery charging current limits that correspond to the

5
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specified one of the different battery charging profiles,
based on a) the charge and discharge cycles count, b)
present sensed battery temperature c) present sensed
battery voltage and d) the battery state of charge.
16. The method of claim 15 further comprising the
following operations by the IC chip:
repeatedly reading from the gas gauge circuit, via the
single wire communication interface, the computed,
new battery charging voltage and battery charging
current limits and storing them in the on-chip register
as the latest battery charging voltage and battery charg-
ing current limits.
17. The method of claim 13 further comprising the
following operation by the IC chip:
repeatedly reading from the gas gauge circuit via the
single wire communication interface the latest battery
charging voltage and battery charging current limits
that have been produced by the gas gauge circuit, and
storing them in the on-chip register.
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